TiO 2 particles with stacked flat sheets are synthesized via thermal oxidation of TiO powder in an oxygen atmosphere. The flat sheets are formed under specific synthesis conditions of 1000°C and 6.5 © 10 4 Pa. The x-ray diffraction pattern demonstrates that the sheets are TiO 2 with a rutile crystallographic structure. The characteristic peaks of the anatase crystal structure of TiO 2 are not detected. From the scanning electron microscopy, the thickness of the sheets is in the range from 80 to 200 nm and the lateral dimensions of the sheets are several tens of µm © several tens of µm, which indicates that the sheets have significant surface area-to-volume ratio when compared with those of other nanostructures. Furthermore, most sheets are aligned parallel to each other.
Introduction
TiO 2 is a wide bandgap semiconducting material with various environmental and energy applications. TiO 2 particles is one of the most promising photoanode in the dye sensitized solar cells, which captures the photoelectrons injected from the dye and transfers them to the anode. 1) Thus the increase in the surface area of TiO 2 particles allows the particles to capture more electrons, resulting in the improvement in the efficiency of the dye-sensitized solar cells. For the purpose of improving the efficiency of the cell, TiO 2 nanostructures have been focused in the fields of the solar cells. TiO 2 is also most effective and useful photocatalyst in the environment pollutes treatment due to its excellent photocatalytic activity, non-toxicity and long thermal photostability.
2) Because the photocatalytic reactions occur on the surface of TiO 2 photocatalyst, the large surface area of the catalyst should lead to improved catalytic performance. Thus, TiO 2 nanostructures have also attracted attention due to their high surface-to-volume ratio in the field of photocatalyst.
Compared with other nanostructured morphologies, the sheet morphology can provide particularly large surface areato-volume ratio. There are dry physical synthesis methods that have advantages of simplicity, low cost, and ease of synthesis for metal oxide nanostructures. However, for Ti metal, the high melting point of Ti prevents the synthesis of TiO 2 nanostructures via the dry synthesis process. Accordingly, TiO 2 nanostructures have been synthesized using wet chemical process such as sol-gel process, 3) hydrothermal process 4) and solvothermal process. 5) Nevertheless, the synthesis of TiO 2 crystals with a sheet morphology using a wet chemical process has rarely been reported.
In this paper, a simple dry synthesis of TiO 2 crystals with a sheet morphology is demonstrated using a thermal oxidation method.
Experimental Procedure
Titanium monoxide (TiO) powder with a purity of 99.9% and a particle size of less than 325 mesh was used as the source material. The process was conducted in a horizontal tube furnace. One end of the tube furnace was connected to a rotary pump and the other end was connected to a gas supply system. Then, 0.5 g of TiO powder was put in an alumina boat and inserted into the center of the tube furnace. Next, the furnace tube was evacuated to a base pressure of 1.3 © 10 Pa and oxygen gas was introduced into the tube until it reached the synthesis pressures. The process was performed at different pressures of 1.3 © 10 Pa, 1.3 © 10 3 Pa, 1.3 © 10 4 Pa and 6.5 © 10 4 Pa. Next, the furnace was heated at a heating rate of 10°C/min to the synthesis temperature of 1000°C, at which temperature it was maintained for 3 h. After the process, the furnace was turned off and cooled down to room temperature. The oxidized product was collected for the characterization.
The morphology of the as-synthesized product was observed by field emission scanning electron microscope (FESEM, Quanta 200 FEG, FEI Co.) equipped with energy dispersive X-ray (EDX, Quanta 200, EDAX INC.) spectroscope. The components were detected by the EDX. The crystal structure was determined by X-ray diffractometer (XRD, PANalytical, X'Pert PRO MPD) with Cu K ¡ radiation. The surface area was measured using the BET method from nitrogen gas adsorption-desorption isotherms at 77 K. 3 Pa, crystals were not formed on the surface of the oxidized powder. However, at a pressure of 1.3 © 10 4 Pa, wires with an average diameter of 100 nm and length of 1 µm were grown on the surface of the powder. When the pressure was 6.5 © 10 4 Pa, a large quantity of sheets was formed. Figure 2 shows the high magnification SEM image of the sheets. In the high magnification SEM image, it is clearly seen that the sheets were 80 nm200 nm in + Corresponding author, E-mail: ghl@deu.ac.kr Figure 3 depicts the XRD pattern and the EDX spectrum of the sheets prepared at 6.5 © 10 4 Pa. Figure 3(a) is the XRD pattern of the sheets, the peaks were obtained at diffraction angles of 27.4, 36.1, 39.1, 41.2, 44.1, 54.2 and 56.8, which correspond to the (110), (101), (200), (111), (210), (211) and (220) planes in the rutile crystallographic structure of TiO 2 . All diffraction peaks in the XRD patterns can be well indexed to the rutile crystal structure of TiO 2 . Moreover, peaks related to the anatase crystal structure of TiO 2 were not detected, which indicates that the sheets were TiO 2 with a high-quality rutile structure without extra phases.
Results and Discussion
The components of the sheets were investigated by EDX measurement. Figure 3 There were two different oxidation mechanisms for the oxidation of titanium. The diffusion of oxygen through the grain boundaries of the oxide layer dominated in the temperature range from 800°C to 1000°C. Thus the oxidation occurred at the metal-oxide interface. At temperatures above 1000°C, the diffusion rate of the Ti atom through the oxide layer increased significantly and the oxidation site was the external surface of the oxide layer.
6) Based on the oxidation mechanism of titanium, it is proposed that the growth of the TiO 2 crystals is governed by the Ti diffusion at 1000°C, which was the temperature applied in this study. Hence, the TiO 2 crystals with the sheet morphology were formed on the sample surface due to the outward diffusion of the Ti atoms at 1000°C. In contrast, because the (110) lattice plane in the TiO 2 crystal with a rutile crystalline structure had the lowest surface energy, rutile TiO 2 crystals were generally grown along the [110] crystal direction. This result is in good agreement with that obtained in this study. Figure 3(a) confirms that the preferential growth direction of the TiO 2 sheets formed in this study was in the [110] direction. In addition, it was reported that Ti diffused significantly faster along the c-axis, 7) which is perpendicular to the [110] direction. Accordingly, the growth mechanism of the TiO 2 crystals with a sheet morphology can be explained as follows. The nuclei of the TiO 2 crystals were formed on the sample surface. Then the nuclei were grown along the [110] direction in the TiO 2 crystals. As the growth of the TiO 2 crystals proceeded, the Ti atoms diffused rapidly along the c-axis of the TiO 2 crystals, and resulted in the formation of TiO 2 sheets. As the oxygen pressure increased, the TiO 2 crystals exhibited a sheet morphology, which was attributed to the rapid oxidation of Ti with the increase in oxygen content. Figure 4 illustrates the SEM images of the products obtained through thermal oxidation of the TiO powder at 1000°C for 1 h and 3 h at a pressure of 6.5 © 10 4 Pa in an oxygen atmosphere. Numerous sheets were formed on the surface of the sample treated for 1 h. The average thickness of the sheets was approximately 70 nm, while the lateral dimensions of the sheets were several µm © several µm. The sheets became larger as the oxidation time increased. After oxidation of 3 h, most sheets were less than 200 nm in thickness, but the lateral dimensions of the sheets increased to several tens of µm © several tens of µm. Most of the surface was covered with sheets; moreover, most sheets were parallel to each other.
The source powder had a BET surface area of 0.851 m 2 /g, while the product obtained after the oxidation of 3 h had a BET surface area of 1.062 m 2 /g. The BET surface area of the product increased by 25% compared with that of the source powder, which was attributed to the formation of the sheet structures on the particle surface.
Conclusion
Rutile TiO 2 sheets with a sheet morphology were synthesized via the thermal oxidation of TiO powder at 1000°C and at 6.5 © 10 4 Pa in an oxygen atmosphere. The sheets synthesized via oxidation for 1 h were 70 nm in thickness and several micrometers in width. With an increase in the oxidation time to 3 h, the sheets had thicknesses ranging from 80 nm to 200 nm and the widths of several tens of micrometers. The sheets had a very smooth surface. In particular, the sheets were self-grown parallel to each other. The growth of the sheets resulted from the rapid diffusion of the Ti atoms along the c-axis in the TiO 2 crystals. The sheets had a large surface area-to-volume ratio, which has significant potential in a wide range of applications including solar cells, photocatalysts, photonic devices, and optoelectronic devices.
